Heterotrophic bacteria resistant to tetracycline and ampicillin were assessed in waterways of the New York City metropolitan area using culture-dependent approaches and 16S rRNA gene sequence analysis of resultant isolates. Resistant microbes were detected at all 10 sampling sites in monthly research cruises on the lower Hudson River Estuary (HRE), with highest concentrations detected at nearshore sites. Higher frequency sampling was conducted in Flushing Bay, to enumerate resistant microbes under both dry and wet weather conditions. Concentrations of ampicillin-and tetracyclineresistant bacteria, in paired samples, were positively correlated with one another and increased following precipitation. Counts of the fecal indicator, Enterococcus, were positively correlated with levels of resistant bacteria, suggesting a shared sewage-associated source. Analysis of 16S rRNA from isolates identified a phylogenetically diverse group of resistant bacteria, including genera containing opportunistic pathogens. The occurrence of Enterobacteriaceae, a family of enteric bacteria, was found to be significantly higher in resistant isolates compared to total heterotrophic bacteria and increased following precipitation. This study is the first to document the widespread distribution of antibiotic-resistant bacteria in the HRE and to demonstrate clearly a link between the abundance of antibiotic-resistant bacteria and levels of sewage-associated bacteria in an estuary.
INTRODUCTION
The prevalence of antibiotic use has caused many bacteria, including pathogens and human-associated microbiota, to become resistant to commonly used forms (Williams & Hey- approximately 90,000 lethal cases (Overbye & Barrett ) . Antibiotic resistance has become one of the most pressing and urgent public health crises in the world (Wise et al. ) . Thus, it is important to understand the sources and distribution of antibiotic-resistant bacteria in the environment.
In aquatic environments, the spread of antibiotics and resistant bacteria is a growing concern with implications for both ecosystem functions and public health (Costanzo The presence of antibiotics in waterways can lead to bacterial antibiotic resistance through both selective pressure and horizontal gene transfer (Alonso et al. ) .
transfer allows the abundance and diversity of resistant bacteria to increase rapidly in aquatic environments exposed to frequent contamination with either antibiotic-resistant bacteria or antibiotic compounds (Baquero et al. ) . Such waterways may thus function as reservoirs or incubators for resistant bacteria (Biyela et al. ) .
Many prior studies have reported that waterways influ- In many urbanized waterways, such as the lower Hudson River Estuary (HRE), which flows through the greater New York City (NYC) metropolitan area, raw or partly treated sewage enters the aquatic environment following rainfall through combined sewer overflows (CSOs) (NYCDEP ; Riverkeeper a). Bypassing treatment, CSO effluent is likely to contain both high levels of antibiotics and antibiotic-resistant bacteria, creating a putative connection between rainfall and the occurrence of antibiotic resistance in urban aquatic environments. However, no direct association between the concentration of sewage or sewage-associated bacteria and the abundance of antibiotic-resistant heterotrophs in natural waterways has been previously reported (Garcia-Armisen et al. ).
In the heavily urbanized lower HRE, widespread sewage contamination has been reported based on measurements of the sewage indicator, Enterococcus (Riverkeeper a;
Suter et al. ), although contamination levels appear to be decreasing relative to past decades (NYCDEP ).
However, no prior studies have been completed in NYC watersheds examining the distribution and diversity of antibiotic-resistant microbes or their association with waterquality standards, such as levels of fecal-indicator bacteria.
The goals of this study were: (1) to examine the spatial distribution of microbes resistant to two commonly used antibiotics (ampicillin and tetracycline); (2) to test the correlation of resistant microbes with abundance of the sewageindicating bacterium, Enterococcus; (3) to examine patterns of antibiotic-resistant microbes under both dry-and wetweather conditions; and (4) to phylogenetically identify bacteria found to be resistant to ampicillin and tetracycline in the estuary. We hypothesized that antibiotic-resistant bacteria would be widely distributed in NYC waterways, that sewage would be a major source of resistant bacteria in the Hudson River, and that the abundance of antibioticresistant microbes would increase following wet weather.
METHODS

Estuarine sampling sites
The Hudson River watershed spans 34,000 sq. km, originating in the Adirondack Mountains and flowing south to NYC (Levinton & Waldman ) . The water quality of the lower HRE is heavily impacted by NYC, which processes 1.4 billion US gallons of wastewater each day at 14 WWTPs, releasing treated effluent into the estuary (NYCDEP ).
In addition, approximately 27 billion US gallons of raw sewage combined with rainwater are diverted into the lower estuary each year through CSOs (Riverkeeper a).
However, as a result of wastewater infrastructure investment, the water quality of the lower HRE has been improving in recent decades (NYCDEP ).
Fifty-six water samples were collected for this study from 10 sites throughout the lower HRE ( Figure 1 wunderground.com). Wet days were classified by having >0.635 cm of rain within 3 days of sampling.
Microbial enumeration
Samples for microbiological analyses of antibiotic resistance were collected from surface waters in sterile 50-mL plastic tubes that were triple rinsed with sample water before collection. Samples were immediately stored on ice, and protected from sunlight in a cooler until processing. Samples for enumeration of antibiotic-resistant bacteria were processed within 12 h, while Enterococcus enumeration began within 6 h of collection, as specified in EPA method 1600 (US EPA ) using the Enterolert methodology (IDEXX ).
All sampling stations were from brackish water sites and therefore a one in 10 dilution of sample water into sterile deionized water was performed prior to selective enrichment and enumeration, in accordance with the manufacturer's suggested protocol. Media were added to the diluted samples, which were then sealed in a Quanti-tray 2000 incubation were created using sterile water spreads as a method blank and otherwise processed in parallel with samples. Inoculated plates were then incubated at 28 W C for 3 days before enumeration for colony forming units (CFU).
Molecular techniques for taxonomic identification
Isolated bacterial colonies were picked off the R2A media plates into 40 μL of sterile water for molecular analysis.
Tubes containing picked colonies were heated to 95 W C for 5 minutes using an Eppendorf mastercycler to lyze cells and then stored at À20 W C until additional processing could be completed. 
RESULTS
Monthly sampling at estuarine monitoring stations
During monthly Riverkeeper sampling cruises from May to September, ARB were detected at all 10 sites sampled (Table 1) . TRB were detected at all sites except Site 7, the NYC Battery, a mid-channel sampling site to the south of Manhattan. ARB were found more frequently (84% of samples) than TRB (38% of samples). ARB were also found to have a higher observed maximum abundance than TRB at every site except Site 5, the North River WWTP. The abundance of Enterococcus, ARB and TRB were all significantly greater at nearshore sites as compared to mid-channel sites (Figure 2 (a)-(c); Mann-Whitney, 
Identification and diversity of resistant microbes
Proteobacteria were the most abundant phyla detected from 16S rRNA gene sequences of isolates, accounting for 87% all sequences, and were the most abundant in each of the three sequence libraries, including 73% of Het sequences, 91% of ARB and 92% of TRB (Tables 2   and 3 ). Most Proteobacteria sequences were identified as Gammaproteobacteria ( In this study, the abundance of both antibiotic-resistant bacteria and Enterococcus were higher at nearshore, compared to mid-channel locations, similar to patterns previously reported for sewage indicating microbes in the (Figure 1, Site 6) , a site directly adjacent to a CSO, following a rain event. It should be noted that these nearshore environments are the areas where human contact with the water is most common. This highlights an important opportunity for improved management in the HRE, by demonstrating the need for shore-based sampling within regional monitoring programs or the use of monitoring boats capable of sampling near shore. Comprehensive monitoring programs in similar Indicates that one of the sequences was classified with 85-95% confidence; b indicates that two of the sequences were classified with 85-95% confidence; any sequence with a confidence level less than 85% for classification at the level of genus is listed as 'unclassified' in the table.
DISCUSSION
urban systems often emphasize sampling in nearshore environments to capture anthropogenic inputs (Rex ; 
Higher frequency, wet versus dry sampling
Flushing Bay is an outlet for multiple CSOs and is surrounded by a highly urbanized, partly industrial region, as well as These correlations support the interpretation that the sewage-indicating and antibiotic-resistant bacteria share a common, sewage-related source, and thus, also support the value of fecal indicators to predict the abundance of other potentially harmful bacteria, such as other antibioticresistant microbes, that are a concern for public health. 
Identification and diversity of resistant microbes
This study is the first to investigate the phylogenetic identity and diversity of antibiotic-resistant microbes in the HRE.
The ARB and TRB isolates were found to be less diverse suggesting that these resistant microbes could be of potential concern to recreational users, especially immuno-compro- 
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The results of this study showed widespread detection of antibiotic-resistant bacteria throughout the HRE, especially in the nearshore environment. Positive correlations between sewage indicators and antibiotic-resistant bacteria were demonstrated in both spatial and temporal sampling.
These correlations point to sewage as a major source of bacteria resistant to antibiotics in urban environments. Phylogenetic identification of isolates from Flushing Bay confirms the presence of antibiotic-resistant bacteria from genera that are known to contain opportunistic pathogens and enteric bacteria. These findings further support the potential for a public health hazard to those exposed to the water during and after heavy rain events.
Recommendations
The widespread distribution of antibiotic-resistant microbes documented in this study has clear management implications related to water quality and public health in NYC and other urban areas prone to sewage contamination. The correlation of antibiotic resistance with Enterococcus supports the value of measuring such indicators as representative of other agents of concern in the source water. Significantly higher concentrations of sewage indicators and antibiotic-resistant bacteria in nearshore environments reinforce the need for shore-based monitoring or the use of boats capable of sampling in shallow waters near the shore.
The findings of this study also provide support for and potential upgrades to WWTPs to remove antibiotics and other emerging contaminants of societal concern.
